I. INTRODUCTION
Hydrogen is a ubiquitous impurity in many solids and particularly in oxides. Interstitial hydrogen can act in two ways in the perfect oxide lattice. [1] [2] [3] [4] It can be an amphoteric impurity, giving rise to deep gap states with positive, neutral, and negative charge states, or it can form a shallow level at the conduction band edge and act as a donor. In a defective semiconductor, hydrogen often has beneficial effects in passivating defects by tying off dangling bond defects. However, in oxides, donor activity is deterious, as it causes a loss of activity or the presence of fixed charge. Here, we consider the behavior of hydrogen in three classes of oxides, the high dielectric constant oxides to be used as gate oxides, the ferroelectric oxides, and transparent conducting oxides. We then compare this to the behavior of hydrogen and muonium 5, 6 in semiconductors and consider overall models of the behavior.
High dielectric constant ͑K͒ oxides will replace SiO 2 as the gate dielectric in future complementary metal oxide semiconductor ͑CMOS͒ devices. The leading candidates are based on HfO 2 .
7-11 However, they introduce fixed charge and traps, and degrade device mobility compared to SiO 2 gate oxide. Hydrogen is introduced into high-K oxide devices during the post-deposition anneal. In addition, high-K gate oxides grown by atomic layer deposition with organometallic precursors or using water as the oxidant can contain residual hydrogen. Ionized hydrogen centers are therefore possible sources of positive fixed charge. Hydrogen may also contribute to bias instability, 11 based on its behavior in SiO 2 . Another critical application of oxides is in randomaccess memories. Perovskite-based oxides such as Pb͑Zr, Ti͒O 3 ͑PZT͒ and SrBi 2 Ta 2 O 9 ͑SBT͒ are being developed for nonvolatile ferroelectric random-access memories ͑FeRAMs͒. 12 In FeRAMs, hydrogen from the forming gas anneal can cause a loss of switchable polarization ͑fatigue͒ and higher leakage currents. [13] [14] [15] This problem requires the use of diffusion barriers in real devices. It has been known that hydrogen acts as a donor in BaTiO 3 ͑Ref. 16͒ as the H ionizes to H + plus an electron. The H + ion combines with an O 2− ion to form an OH − ion whose dipole could pin ferroelectric domains from switching. 17 Finally, there is increasing interest in transparent conducting oxides ͑TCOs͒ such as ZnO, SnO 2 , and In 2 O 3 . For many years, TCOs were used as conductors in active matrix displays. Recently, the wider field of oxide-based electronics has opened up, once the high electron mobility and ease of processing of n-type TCOs was realised. 18 At the same time, there is continuing development of ZnO as a wide gap semiconductor. ZnO is easily accidentally doped n type. This could be due to O vacancies or Zn interstitials, but interstitial hydrogen is also a donor. 19 Thus, the role of hydrogen in TCOs is also of interest.
At a more fundamental level, Cox et al. 5, 6 have made extensive studies on whether muonium forms localized or delocalized levels in many semiconductors and oxides. Muonium acts chemically like H, but with a smaller mass. Thus, muonium spin resonance provides a unique experimental signature of whether the H level is deep or shallow.
This paper studies the behavior of interstitial hydrogen in various wide band gap oxides, extending our previous work 3, 20 in two ways. First, we find the atomic structure of H in a wide range of oxides with different oxygen coordinations. This allows us to see chemical trends, and test previous models. [1] [2] [3] Second, previous calculations 1-4 used the local density approximation ͑LDA͒ which underestimates the band gaps by 30%-50%-or 70% in the case of SnO 2 . For bulk materials, this underestimate can be corrected empirically by an upward shift of the conduction bands. 21 For defects, however, a localized resonant level could move into the gap, as the gap is opened. It is preferable to use more advanced methods which give a better band gap to check this behavior. Here, we present calculations of the energy levels using a density-functional-based method called the weighted density approximation ͑WDA͒.
II. COMPUTATIONAL METHODS
There are various methods that can give improved band gaps such as the GW approximation, 22 self-interaction correction, or screened exchange. The GW approximation is based on the quasiparticle formalism, which is similar to the Kohn-Sham formalism but uses a self-energy term to describe the exchange correlation of the electrons. It is the most accurate method to calculate the corrections and is widely used. [24] [25] [26] However, it is computationally expensive. The B3YLP is a hybrid method combining the Hatree-Fock approximation and LDA. It has been carried out on some semiconductors and gives reasonable band gaps. 27, 28 B3YLP is generally implemented for a localized orbital basis set.
Here, we use the WDA ͑Refs. 29-33͒ because it is implemented for a plane wave basis and it has a lower computational cost than GW. In WDA, the exchange-correlation interaction is given by a Coulomb-like interaction between the electronic charge density and the exchange-correlation hole of the electrons,
where XC WDA is the exchange-correlation energy density, n is the electronic charge density, and n XC is the exchangecorrelation hole. It is written in the same way as in KohnSham density functional theory but the exchange correlation now depends on the density around r instead of the density at point r. n XC obeys the sum rule in which its integral is normalized to 1. The factor 1 2 prevents double counting. A key point about WDA is that it is an energy functional in the DFT sense. It could be used in variational calculations of the total energy, while its energy eigenvalues more accurately resemble the one-electron excitation spectrum.
The WDA functional is less well tested than B3LYP or screened exchange. WDA was introduced by Alonso and Girifalco. 29 Hybertsen and Louie 30 tested it for Si and Ge. Rushton et al. 31 significantly improved its implementation. The main advantage of WDA over, say, screened exchange is its lower computational cost as it can use ultrasoft pseudopotentials with a lower plane wave cutoff energy. WDA has been implemented in CASTEP. 32 Our calculations use the total energy plane wave pseudopotential code CASTEP. 34 The atoms are presented by Vanderbilt ultrasoft pseudopotentials. 35 A plane wave cutoff of 300 eV was used and four k points were generated in the Brillouin zone using Monkhorst-Pack method. The H states are quite localized, so that the calculations do not need very large supercells. We constructed supercells that contain 31-57 atoms for various oxides. The H atom is then placed in an arbitrary position near the center of the cell. We considered all three charge states, denoted as H − , H 0 , and H + . The structures were relaxed in GGA to minimize the total energy, with no constraints except that the supercell size was fixed to the bulk GGA value.
Note that, although WDA is an energy functional, due to computational expense, in this paper the structures are relaxed to minimum energy using the generalized gradient approximation ͑GGA͒ of LDA, and the eigenvalues were then calculated on these structures by WDA.
III. RESULTS
The minimum band gaps of various oxides calculated in WDA ͑Ref. 32͒ are given in Table I , compared to the experimental values [36] [37] [38] [39] [40] and those from GGA. [41] [42] [43] The CdO has a much narrower gap than SrO. CdO has an indirect gap, with a valence band maximum away from ⌫. 32, 43 Experimentally, the minimum gap is about 0.8 eV and the smallest direct gap is 2.3 eV. 37 However, the minimum gap is negative in GGA. In WDA, it is 2.9 eV. We find that H behaves as a donor. The H 0 state is shown in Fig. 4͑b͒ . The H 0 has ionized to form H + . The O-H bond is oriented along ͓100͔ and is 0.98 Å long, pushing away the Cd 2+ ion along this direction. The different orientation of H + probably arises because of the larger lattice constant of CdO, which allows the O-H bond to lie along ͓100͔, whereas in MgO, it was pushed along ͓110͔ because of lack of space. The PDOS shows that the H state forms a broad resonance in the conduction band, Fig. 4͑b͒ .
The case of H in wurzite ZnO was previously studied in detail by van This result is useful because the ferroelectricity in SBT arises primarily from the Ta site displacements. 48 
IV. DISCUSSION

A. Relaxation and band gap correction
The formation energy E͑q͒ of the H interstitial is defined as the total energy of H in charge state q in the host E͑H , q͒ minus the energy of the bulk ͑E bulk ͒ of corresponding volume, the energy of hydrogen in the H 2 molecule, 1 and the energy of any charge,
The last term accounts for the charge q supplied by a reservoir at the Fermi energy E F . Figure 13͑a͒ shows the relative formation energy of H in SiO 2 in GGA plotted against E F for its three charge states from Ref. 44 The electrical transition levels E͑q / q +1͒ is defined as the E F at which the formation energy of the charge states q and q + 1 is equal. In the absence of relaxation, or electron-electron repulsion, E͑0/−͒ϳE͑0/ +͒. This is the case for H acting as a donor. However, if there is strong relaxation, as for H in SiO 2 , then E͑−/0͒ lies below E͑+/0͒ ͓Fig. 13͑b͔͒ and the relaxation energy is U = E͑0/ + ͒ − E͑−/0͒. However, GGA gives the wrong band gap. This paper calculated the eigenvalues ͑q͒ of the gap state for each charge state in WDA, which gives close to the correct gap. Table I .
B. Models
A number of studies have been carried out of the behavior of hydrogen in semiconductors and oxides, and various models have been proposed. Kilic and Zunger 1 studied oxides and suggested that the H 0 level lay at a rather constant energy ͑ϳ3.5 eV͒ below the vacuum level. In this model, H 0 is a donor if the oxide conduction band edge lies below 3.5 eV, that is, the electron affinity is more than 3.5 eV.
Van de Walle and Neugebauer 2 studied the tetrahedrally bonded AB semiconductors. They suggested that a 'universal' H 0 level lay close to the host's charge neutrality level ͑CNL͒. The argument is as follows. In binary AB semiconductors, the H + tends to bond to the anion and H − tends to bond to the cation. However, to form an anion-H or cation-H bonds needs to break a host AB bond, leaving a cation or anion dangling bond ͑on the opposite species͒. Thus, the H 0 level will be located energetically midway between the anion dangling bond and cation dangling bond levels, which is the CNL of that material. The processes can perhaps best be understood using a general but easily understood model of Cox, 6, 49, 50 in Fig. 14 
and thus
The energy of the donor state is
The condition for shallow donors is then E͑+/−͒ Ͼ E g or
meaning that donor action occurs if the band gap is less than some value. This band gap criterion is closest to that of Peacock and Robertson. 
C. Comparison with experiment
The calculated H +/− levels for various oxides in WDA is summarized in Fig. 15͑a͒ 1 The ϩ/0 level is at a reasonably constant energy with respect to the VB edge, as noted by Peacock and Robertson. 3 The ϩ/Ϫ levels are not at a particularly constant energy below the vacuum level.
If the oxide bands are aligned to the Si bands by using the calculated band offsets 9,51,52 as in Fig. 15͑b͒ , it can be seen that the H +/− level lies very close to or above the Si conduction band for HfO 2 , ZrO 2 , La 2 O 3 , LaAlO 3 , SnO 2 , and SrTiO 3 . This indicates that H would act as a donor and release its electron to the Si channel. For MgO, Al 2 O 3 , and ZrSiO 4 , the H +/− level lies deep or below the Si band gap. In these oxides, the H 0 could trap electrons from Si channel to form H − , which is another stable charge state. We see that the ϩ/Ϫ level does not lie at a particularly constant level with respect to this energy scale, as was found by van de Walle and Neugebauer 2 for the tetrahedral semiconductors. In that model, the ϩ/Ϫ level lay at the CNL energy, and, in fact, it would allow a measurement of it. However, this model does not generalize as well to the oxides. This is because of the lower O coordination which means that formation of an O-H bond does not require the breaking of the metal-O bond, as it did in the tetrahedral semiconductors.
The hydrogen defect centers in semiconductors and oxides are very difficult to test because hydrogen possesses a high mobility and it tends to pair with other defects or impurities. However, its behavior can be compared to that of muonium. Muonium is easier to detect and it gives a different spin resonance decay spectrum if it forms a shallow or deep center. Cox et al. 5, 6 found that a trapped- 
V. CONCLUSIONS
First principles calculations of hydrogen-induced defect energy levels in various oxides were presented using a density functional method which does not need a band gap correction. Hydrogen was found to act as a shallow donor in ZrO 2 
